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The state of a single particle injected onto the surface of the Fermi sea is a pure state if the
temperature is zero and is a mixed state if the temperature is finite. Moreover, the state of an
injected particle is orthogonal to the state of the Fermi sea at zero temperature, while it is not
orthogonal at non-zero temperature. These changes in the quantum state of the injected particles
can be detected using the temperature dependence of the shot noise that is generated when the
particles one by one pass through a semitransparent quantum point contact. Namely, the shot
noise produced by the mixed state is suppressed in comparison with the noise of the pure state. In
addition, the correlations between the injected particles and the underlying Fermi sea, present at
non-zero temperature, do enhance the shot noise. Furthermore, antibunching of injected particles
with possible thermal excitations coming from another input channel of a quantum point contact
does suppress shot noise. Here I analyze in detail these three effects, which are responsible for the
temperature dependence of the shot noise, and discuss how to distinguish them experimentally.
PACS numbers: 73.23.-b, 73.22.Dj, 72.10.-d, 73.63.-b
I. INTRODUCTION
Recent implementation of on-demand coherent single-
electron sources1,2 and subsequent demonstration of the
quantum tomography of a single-electron wave function3
and of the controllable two-particle interference2,4–6 mark
reaching the fundamental limit of the solid-state coherent
electronics. This is the limit when the quantum proper-
ties of the smallest possible individual carriers manifest
themselves directly in transport phenomena.
Here I address the question of how the state of a par-
ticle generated by a single-electron source is affected by
the Fermi sea. To be more specific, I am interested in
the physical phenomena accompanying injection of single
particles on top of the Fermi sea at non-zero temperature
and how they manifest themselves in transport.
This question was already addressed experimentally.
Thus, the temperature dependence of the shot noise of
the single particles (electrons and holes) generated by
a quantum capacitor7,8 was reported in Ref. 9. It was
demonstrated experimentally that the shot noise gets
suppressed with increasing temperature. The same ef-
fect was predicted10 and observed6,11 when elementary
excitations, levitons, were generated with the help of
Lorentzian voltage pulses12–14.
The temperature-induced shot noise suppression was
explained as a result of quantum-statistical, fermionic
antibunching of injected particles and thermally excited
(quasi-)electrons and holes existing in the Fermi sea at
non-zero temperature.9,15
Another explanation of this effect was put forward in
Ref. 16, where the shot noise suppression was related to
the fact that the single-particle state injected at non-zero
temperature is a mixed state, which is generally less noisy
compared to a pure state.
Here I argue that in addition to antibunching with
thermal excitations and thermal mixing of the single-
particle state, which both suppress the shot noise, there
is additional effect, which enhances the shot noise.
This latter effect is related to the fact that at non-zero
temperature the state of an injected particle is not or-
thogonal to the states of the Fermi sea. Although the
fermionic quantum-statistical repulsion enforces injected
particles and particles of the Fermi sea to be in different
states at each time, it does not prevent them from occu-
pying the same state but at different times. Indeed, be-
ing in the mixed state, a particle occupies different com-
ponents of this mixed state at different times. Accord-
ingly, two particles, each being in its own mixed state,
can have coincident (or, better to say, not orthogonal)
components, which they occupy at different times.
As I show below, the contribution to the shot noise
arising due to correlations between injected particles and
the thermal excitations of the Fermi sea is opposite to
that of the antibunching effect. I propose experimental
setups allowing to address each effect separately.
The paper is organized as follows. In Sec. II the tem-
perature dependence of the shot noise is analyzed on the
basis of the general relationship between the shot noise
and the quantum state of scattered particles. I iden-
tify three physical mechanisms that influence this depen-
dence, and in Sec. II D discuss how to separate their con-
tributions experimentally. As an example, in Sec. III the
temperature dependence of the shot noise of levitons is
analyzed in detail. An account of results obtained in this
work and their short discussion are given in Sec. IV.
II. SHOT NOISE
A. Setup
I consider a mesoscopic collider17–19, an electron circuit
consisting of two input and two output single-channel chi-
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FIG. 1: A mesoscopic electron collider circuit with two input
and two output chiral electron waveguides (shown as blue
straight lines) coupled via an electron wave splitter (shown
as a rounded rectangle). Two incoming states |Ψinα 〉, α =
1, 2, are scattered on the wave splitter. As a result the two
outgoing currents Ioutβ , β = 3, 4 are generated.
ral electron waveguides and an electron wave splitter, see
Fig. 1. These wave-guides can be, for instance, the chi-
ral edge states of conductors in the integer quantum Hall
effect regime.20–22 The wave splitter can be a quantum
point contact.23,24
The input waveguides are originated from their corre-
sponding metallic contacts kept at the same or different
temperatures, θα, α = 1, 2, and at the same chemical
potential, µα = µ. Thus, the (noninteracting) electron
systems of input waveguides are in equilibrium and they
are described by the respective Fermi distribution func-
tions fα () =
(
1 + exp
[

kBθα
])−1
with kB being the
Boltzmann constant and  = E − µ being the energy
E measured from the Fermi energy µ. At zero temper-
ature all states with  < 0 are fully occupied and all
states with  > 0 are empty. While, at non-zero temper-
ature the states with  > 0 are partially occupied and
states with  < 0 are partially emptied. It is convenient
to treat the Fermi sea at zero temperature as (quasi-
particle) vacuum. Then, the Fermi sea at non-zero tem-
perature can be considered as vacuum with excitations.
The thermal excitations with  > 0 are quasi-electrons,
while the empty states with  < 0 are holes.
In addition, there is a single-electron source1,2, which
injects particles at a rate of one particle per period T into
the input α = 1. Therefore, the quantum state |Ψin1 〉, im-
pinging the wave splitter through the channel α = 1, (see,
Fig. 1) describes thermal excitations, quasi-electrons and
holes, at the temperature θ1 and particles injected by a
single-electron source. While the quantum state |Ψin2 〉,
impinging the wave splitter through the channel α = 2,
describes thermal excitations at the temperature θ2 only.
The incoming particles are scattered by the wave split-
ter into the outputs, where they generate electrical cur-
rents, Ioutβ , β = 3, 4, see Fig. 1. The measurement of
these currents and their fluctuations provides informa-
tion on the quantum states of the incoming particles.
B. An electrical noise and the quantum state of
electrons
I am interested in the long-time correlations that
arise between fluctuating outgoing currents, Iout3 (t1) and
Iout4 (t2). These correlations are characterized via the
current-current cross-correlation function integrated over
the time difference t1 − t2 and averaged over the mean
time, (t1 + t2) /2.
25 I denote this electrical current corre-
lation function as P34.
When individual particles, electrons or holes, are scat-
tered on a wave splitter, the outgoing currents fluctu-
ate. Since an elementary indivisible particle cannot be
scattered to both outputs at once, the fluctuations of
outgoing currents are anti-correlated and the correlation
function P34 is negative. This source of current fluctua-
tions is called shot noise.25–32 For brevity, I will use the
same name, the shot noise, also for current fluctuations
and for the current-current correlation function P34.
When the incoming particles are in a pure quantum
state, the shot noise is not sensitive to the details of the
wave function. In contrast, when the incoming parti-
cles are in a mixed quantum state, this is no longer so:
The shot noise gets suppressed and the value of the cur-
rent correlation function depends on the properties of the
mixed state.16
Another factors that affect the shot noise are correla-
tions of two types: (i) correlations that arise when an
electron is injected into the waveguide with other parti-
cles, and (ii) correlations that arise when particles from
different waveguides collide on a wave splitter. At non-
zero temperature, we inevitably encounter all the afore-
mentioned factors.
To analyze the shot noise at non-zero temperature, it
is convenient to express the shot noise P34 in terms of
the first-order fermionic correlation function, G
(1)
α
33–36
for incoming particles in the input channels α = 1, 2.
The corresponding equation in the case of equal tem-
peratures, θ1 = θ2, is obtained in Ref. 16 and it can
straightforwardly be generalized to the case of unequal
temperatures,
P34
P0 = −v
2
µ
∫∫
dt1dt2
∣∣∣G(1)1 (t1; t2)−G(1)2 (t1; t2)∣∣∣2 .(1)
Here P0 = e2T (1− T ) /T with T being the transmission
probability of a wave splitter. The factor v2µ, the square
of an electron velocity, comes from the normalization of
fermionic correlation functions.
The correlation functions G
(1)
α for the incoming state
|Ψinα 〉 can be represented as follows,
3G
(1)
1 = G
(1)
p,θ1
+G
(1)
th,θ1
+G
(1)
0 ,
(2)
G
(1)
2 = G
(1)
th,θ2
+G
(1)
0 ,
where G
(1)
p,θ1
is the first-order fermionic correlation func-
tion of particles injected by the single-electron source into
the waveguide at the temperature θ1,
16,37 G
(1)
th,θα
is the
first-order fermionic correlation function of thermal ex-
citations at the temperature θα, and, finally, G
(1)
0 is the
first-order fermionic correlation function of vacuum, that
is of the Fermi sea at zero temperature and chemical po-
tential µ.
Apparently, the vacuum does not contribute to the
shot noise, Eq. (1).
C. Excess shot noise
When the single-particle source is turned off and
G
(1)
p,θ1
= 0, the shot noise, however, is generally not zero.
Its source, at θ1 6= θ2, is the difference of fluxes of ther-
mal excitations impinging the wave splitter from different
input channels. Such a shot noise, caused by the ther-
mal excitations, should not be confused with the ther-
mal noise25,38,39, which does not contribute to the cur-
rent cross-correlation function P34 in the setup shown in
Fig. 1. In any case, the shot noise caused by thermal
excitations is not of a prime interest here.
The focus of this work is on the contribution caused by
the particles generated by the source. This contribution
is defined as the difference of P34 with the particle source
being switched on and off and is called the excess shot
noise,
Pex34 = (P34)on − (P34)off . (3)
After substituting Eq. (2) into Eq. (1) and then into
Eq. (3), the excess noise is represented as the sum of
three contributions,
Pex34 = Pp34 + Pcorr34 + Pab34 . (4a)
Here
Pp34
P0 = −v
2
µ
∫∫
dt1dt2
∣∣∣G(1)p,θ1 (t1; t2)∣∣∣2 , (4b)
is the main part of the shot noise, caused solely by the
scattering of particles generated by the source on the
wave splitter.
At zero temperature and in the single-particle emis-
sion regime the left hand side is just −1. This becomes
clear if to remind that in this case G
(1)
p,θ1=0
(t1; t2) =
v−1µ Ψ
∗ (t1) Ψ (t2), where Ψ(t) is the wave function of an
injected electron (normalized to one), see, e.g., Refs. 16,
33,40.
At non-zero temperature, the state of an injected elec-
tron is a mixed state. Since the components of mixed
state are occupied with probability less then one, the
absolute value of the integral on the left hand side is
reduced.16 That is, with increasing temperature the in-
jected particles become less noisy.
The two other terms, the correlation correction,
Pcorr34
P0 = −2J1, (4c)
and the antibunching correction,
Pab34
P0 = 2J2, (4d)
are defined by the following quantity,
Jα = v
2
µ
∫∫
dt1dt2G
(1)
p,θ1
(t1; t2)
[
G
(1)
th,θα
(t1; t2)
]∗
,(4e)
which characterizes the second-order coherence between
injected particles and thermal excitations of the same
channel, α = 1, or of another channel, α = 2.
The following symmetry of the fermionic correlation
function, G(1) (t1; t2) =
[
G(1) (t2; t1)
]∗
, guaranties that
Jα is real. This is a reason why we can omit a sign of the
real part, which is, strictly speaking, should be present
on the right hand side of Eq. (4e).
In fact, Jα depends on the (square) of the overlap in-
tegral between the wave functions of an injected particle
and of a thermal excitation. The difference in signs of
Pcorr34 and Pab34 is due to different physical consequences
of such an overlap.
a. The antibunching correction to the shot noise.
When an electron propagating in the waveguide α = 1
reaches the wave splitter and there overlaps with the
thermally excited particles from the waveguide α = 2,
the quantum statistical, fermionic repulsion forces collid-
ing particles to be scattered into different outputs. The
colliding fermions, so to say, antibunch while colliding at
the wave splitter. Therefore, in this case, overlap leads to
more regularized scattering of colliding particles, which
suppresses the shot noise. This is why Pab34 has the sign
opposite to that of Pp34.
Formally, the antibunching effect is due to the
quantum-mechanical exchange of two fermions, which
compete for the same trajectory after scattering. This
is an electron analogue2,4–6,11,41,42 of the well known in
optics Hong-Ou-Mandel effect43.
4b. The correlation correction to the shot noise.
When the source attempts to inject an electron into
the waveguide, where another fermions, the thermally
excited quasi-particles, are already present, then the
quantum-statistical, fermionic repulsion forces an in-
jected electron to be in the state, which is different from
the states of present particles.
At zero temperature, this quantum-statistical repul-
sion results in the state of an injected electron, which is
orthogonal to the state of the Fermi sea. The overlap
integral in this case is zero and J1 = 0.
At non-zero temperature, the situation is more subtle.
Since at non-zero temperature the states of particles are
mixed states, the state of an injected particle is not nec-
essarily orthogonal to the states of existing particles. The
reason is that each of particles can occupy different com-
ponents of its mixed state, so as not to be at the same
time in the same state with some other particle. The
mixed state in itself provides more room for fermions to
avoid each other. As a result, the overlap integral is not
zero and J1 6= 0, at non-zero temperature.
Since the overlap integral is not zero, the injected par-
ticle and the already present thermal excitations together
effectively enhance occupation of states. Therefore, the
occupation of states impinging the wave splitter from the
input α = 1 is enhanced, which enhances the shot noise
(compare: Pp34 decreases with increasing temperature,
since the mixed state of injected particle contains many
components but with small occupation). This is why the
sign of Pcorr34 is the same as the sign of Pp34.
Formally, the correlation effect is due to the inter-
ference of quantum-mechanical amplitudes of two scat-
tered fermions,25,44,45 which do not compete for the
same trajectory after scattering. This is an electron
analogue2,9,19,46–48 of the well known in optics Hanbury
Brown and Twiss effect49.
D. How to measure separately three contributions
to the excess shot noise
When the both waveguides have the same temperature,
θ1 = θ2 ≡ θ, the overlaps integrals become the same,
J1 = J2. As a result Pcorr34 +Pab34 = 0 and the excess shot
noise is caused solely by scattering of particles generated
by the source at temperature θ1 = θ, Pex34 = Pp34.
If then we lower the temperature of the second waveg-
uide to zero, θ2 = 0, we eliminate the antibunching cor-
rection, Pab34 = 0. I this case the excess noise is given
by the sum of two terms, Pex34 = Pp34 + Pcorr34 . By sub-
tracting already known Pp34 at temperature θ we are left
with the correlation correction Pcorr34 at temperature θ.
And finally, as we already mentioned, the correction to
the shot noise caused by antibunching of electrons in-
jected at temperature θ with the thermal excitations at
temperature θ is opposite in sign to the correlation cor-
rection, Pab34 = −Pcorr34 . Thus, we determined all three
contributions.
To measure the antibunching correction, rather than
a correlation one, we need to start from the setup with
both waveguides kept at zero temperature, θ1 = θ2 = 0.
In this case the excess shot noise provides us with Pp34 at
zero temperature, which is Pp34 = −P0 in the case when
an electron source emits one particle per period.
Then we increase the temperature of the second waveg-
uide to some finite value, θ2 6= 0. Remind, that a single-
electron source injects particles into the first waveguide
with zero temperature, θ1 = 0, and, therefore, there is no
correlation correction to the shot noise, Pcorr34 = 0. As a
result, the excess shot noise is given by , Pex34 = Pp34+Pab34 .
Provided that Pp34 at zero temperature was already mea-
sured, we arrive at Pab34 , which is due to antibunching of
particles injected at zero temperature and thermal exci-
tations at some temperature θ2.
To illustrate the general reasoning given above, I con-
sider, as an example, the source of singly-charged levi-
tons emitted at a rate of one particle per period.2,10 In
the same way, another single-electron source, the quan-
tum capacitor1, can be analyzed. The corresponding
fermionic correlation function G(1) at non-zero tempera-
ture was calculated in Ref. 37.
III. SOURCE OF LEVITONS
A. Relevant first-order fermionic correlation
functions
The first-order correlation function G(1) of excitations
in the Fermi sea is defined as the difference of the corre-
lation functions of the Fermi sea with and without these
excitations.34,35
1. Leviton
The correlation function of a leviton created at a tem-
perature θ can be written as follows,16,37
G
(1)
L,θ(t1; t2) =
∫ ∞
−∞
d pθ()G
(1)
L,(t1; t2). (5a)
Here the derivative of the Fermi distribution function,
pθ() = −∂f
∂
=
1
4kBθ cosh
2
(

2kBθ
) , (5b)
defines the probability density for the components of
mixed state. Each such a component is described by the
following single-particle correlation function,
G
(1)
L,(t1; t2) =
1
vµ
Ψ∗L, (t1) ΨL, (t2) ,
(5c)
ΨL, (t) = e
−itµ+~
√
Γτ
pi
1
t− iΓτ ,
5with ΨL, being the wave function of leviton
10,14 of dura-
tion 2Γτ created on top of the (fictitious) Fermi sea with
chemical potential µ +  (and with zero temperature).
This (fictitious) Fermi sea is nothing but a component of
the mixed state of the Fermi sea at non-zero temperature,
see Eq. (7).
At zero temperature the probability density is the
Dirac delta function, pθ=0() = δ (), and a leviton is
created with certainty in a pure single-particle state with
 = 0: G
(1)
L,θ=0 = G
(1)
L,=0. With increasing temperature
the probability to find a leviton in the states with  6= 0
increases, and hence the mixedness of its state increases.
2. Thermal excitations
By analogy, the correlation function of thermally ex-
cited quasi-electrons and holes at temperature θ can be
represented as follows,
G
(1)
th,θ(t1; t2) =
∫ ∞
−∞
d pθ()G
(1)
 (t1; t2), (6a)
where the components of multi-particle mixed state are
described by the following correlation function,
G(1) (t1; t2) =
1
vµ
∫
0
d′
~
Φ∗′ (t1) Φ′ (t2) ,
(6b)
Φ(t) =
1√
2pi
e−it
µ+
~ .
The correlation function G
(1)
 corresponds to a pure
multi-particle state, the electron-like state for  > 0 and
the hole-like state for  < 0. This is the same state as the
one injected into a zero temperature electron waveguide
when a constant bias eV =  is applied to its metallic con-
tact. This state consists of plane waves Φ with energy
ranging from µ to µ + . Since the probability density
is an even function of energy, pθ() = pθ(−), the oc-
cupation probabilities of corresponding electron-like and
hole-like states, G
(1)
 and G
(1)
−||, are the same.
Note that the correlation function G
(1)
th,θ is defined as
the difference of Fermi sea correlations functions at tem-
perature θ and at zero temperature, G
(1)
th,θ = G
(1)
F,θ −
G
(1)
F,θ=0, where
G
(1)
F,θ =
ei(t1−t2)
µ
~
2piivµ
1/τθ
sinh ([t1 − t2] /τθ)
(7)
=
∫ ∞
−∞
d pθ()
1
vµ
µ+∫
−∞
d′
~
Φ∗′ (t1) Φ′ (t2) ,
with the thermal coherence time τθ = ~/(pikBθ), see, e.g.,
Ref. 33.
The representation for G
(1)
th,θ given in Eq. (6) is not
unique. Integration by parts in energy  gives a more
familiar representation with the Fermi distribution func-
tion f () (rather than its energy derivative) as the prob-
ability density and single-particle plane wave states Φ
(rather then their bunch) as components of the mixed
single-particle state, see, e.g., Refs. 50,51. Notice, for
holes ( < 0) the distribution function is 1− f ().
In fact, these two representations appeal to different
pictures, multi-particle and single-particle, respectively.
For the purposes of this study, the representation given
in Eq. (6) is more convenient.
The same is true for the Fermi sea correlation function
G
(1)
F,θ, Eq. (7).
B. Shot noise caused by scattering of levitons
Substituting G
(1)
p,θ = G
(1)
L,θ, see Eq. (5), into Eq. (4b) we
find,16
Pp34
P0 = −
∞∫
−∞
dpθ()
∞∫
−∞
d′pθ(′)J (, ′) , (8a)
where J (, ′) is given by the square of the overlap in-
tegral of the components of the mixed state of a leviton
with energy  and ′,
J (, ′) =
∣∣∣∣∫ dtΨ∗L, (t) ΨL,′ (t)∣∣∣∣2 = e−|−′|EL , (8b)
with EL = ~/(2Γτ ) being the energy of a leviton.14
The temperature dependence of Pp34, Eq. (8a), is shown
in Fig. 2. For low temperatures, θ  θ∗ with kBθ? =
5 10 15 20
θ /θ *
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
P34
p /P0
FIG. 2: The shot noise, Pp34, Eq. (8a), (a blue solid line),
caused by partitioning a leviton per period T on a wave split-
ter with transmission probability T , is shown as a function
of the temperature θ, at which a leviton is created. The con-
stant P0 = e2T (1− T ) /T is a (minus) zero-temperature shot
noise. The characteristic temperature kBθ
? = EL/pi is defined
by the energy EL = ~/(2Γτ ) of a leviton of duration 2Γτ . The
high temperature asymptotics, Eq. (8c), is shown as a red
dashed line.
6EL/pi (or, equivalently, for long thermal coherence times,
τθ  2Γτ ), when one can use p () ≈ δ (), the noise
tends to the shot noise of a single particle per period,
Pp34 = −P0.
While at high temperatures it gets suppressed. To es-
timate the shot noise one can proceed as follows. At
θ  θ∗, when pθ () and pθ (′) in Eq. (8a) are almost con-
stant over the energy interval of order EL, the overlap in-
tegral acts like a delta function, J (, ′) ≈ 2ELδ (− ′).
This means, that the shot noise can be represented as
the sum of contributions due to different components of
the mixed state, which are correlated within an energy
interval 2EL, but not correlated otherwise:16
Pp34
P0
∣∣∣∣
θθ∗
≈ −2EL
∞∫
−∞
dp2θ() = −
pi
3
θ∗
θ
. (8c)
This asymptotics is shown as a red dashed line in Fig. 2.
Remind that pθ() is the probability (density) of appear-
ance of the component of mixed state with energy . The
square of this probability determines the contribution of
this component to single-particle shot noise.16,53
Thus, the gradual suppression of Pp34 with increasing
temperature indicates increasing mixedness of a single-
particle quantum state.
C. Correlation correction to the shot noise
Using Eqs. (5) and (6) in Eqs. (4c) and (4e) we calcu-
late the correlation correction,
Pcorr34
P0 = −2
∞∫
−∞
dpθ()
∞∫
−∞
d′pθ(′)
′∫
0
d′′
~
fL,(
′′),
(9a)
fL,(
′′) =
∣∣∣∣∫ dtΨL, (t) Φ∗′′ (t)∣∣∣∣2
=
∣∣∣∣∣
∫
dt√
2pi
√
Γτ
pi
1
t− iΓτ e
it 
′′−
~
∣∣∣∣∣
2
= θ (′′ − ) 2Γτe−
(′′−)
EL . (9b)
Here θ(x) is the Heaviside step function. The quantity
fL,(
′′), which is given by the square of the Fourier co-
efficient of the wave function of a leviton ΨL,, has the
following meaning. Mathematically, this is nothing but
the energy distribution function of a leviton14,54 created
on top of the Fermi sea with zero temperature and the
Fermi energy µ+. However, within the physical context
of the problem in study, this quantity characterizes the
overlap between a leviton and the thermal excitations of
the Fermi sea. To be more precise, the integral over ′′
is the overlap between the component ΨL, of the mixed
state of a single leviton and the component, described
by G
(1)
 , of the multi-particle mixed state of the thermal
excitations of the Fermi sea.
The peculiar property of a leviton is that the dis-
tribution function fL,(
′′) is non-zero only for energies
E = µ + ′′ larger than the corresponding Fermi energy
µ+ , that is, for ′′ > . This is reflected by the Heavi-
side step function in Eq. (9b). The distribution function
is normalized such that
∫∞

(d′′/~)fL,(′′) = 1.
The temperature dependence of Pcorr34 , Eq. (9), is
shown in Fig. 3. First of all, the sign of the correc-
tion Pcorr34 is the same as the one of the main contri-
bution, Pp34, Eq. (8a). Therefore, the correlations that
arise, when a leviton is created, do enhance the mea-
sured noise. The non-monotonous behavior of Pcorr34 as a
function of temperature is explained as follows.
For low temperatures, θ → 0, there are no thermal
excitations and there is nothing to be correlated with.
The correlation correction is zero. At intermediate tem-
peratures, θ ∼ θ∗ , the effective energy of all the ther-
mal excitations is of the order of the leviton’s energy,
kBθ ∼ EL/pi, and the correlations are maximum. The
suppression of Pcorr34 at high temperatures, θ  θ∗, has
the same origin as the suppression of Pp34, that is, it is
caused by the increasing mixedness of the quantum state
of leviton.
Interestingly, the asymptotics of Pcorr34 at high temper-
atures is exactly half of that of Pp34, Eq. (8c),
Pcorr34
P0
∣∣∣∣
θθ∗
≈ −pi
6
θ∗
θ
. (9c)
This dependence if shown in Fig. 3 as a red dashed line.
Such a halving is explained as follows. At high temper-
atures, kBθ  EL, there are a lot of thermal excitations
with various energies, such that the strength of the cor-
relations arising is restricted only by the capability of a
5 10 15 20
θ /θ *
-0.12-0.10
-0.08-0.06
-0.04-0.02
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P34corr/P0
FIG. 3: The correlation correction to the shot noise of levi-
tons, Pcorr34 , Eq. (9), (a blue solid line) is shown as a func-
tion of temperature θ. The high temperature asymptotics,
Eq. (9c), is shown as a red dashed line. The units are the
same as in Fig. 2.
7leviton. This is why at high temperatures the exponential
factors of both quantities, fL,(
′′) in Eq. (9) and J (, ′)
in Eq. (8), can be approximated by the same delta func-
tion. As a consequence, the correlation correction Pcorr34 ,
Eq. (9a), is related to Pp34, Eq. (8a).
The factor one half comes from the fact that a levi-
ton with wave function ΨL, (t) is correlated only with
those thermal excitations, whose energy exceeds µ + ,
see Eq. (9b). A leviton is not correlated with those ther-
mal excitations, whose energy is less than the chemical
potential µ+ . For brevity, one can call them (effective)
quasi-electrons and holes, respectively. Quasi-electrons
and holes appear on the average with an equal proba-
bility and, therefore, only in half the cases a levitons is
subject to correlations. This reasoning explains why the
reduction factor is exactly 1/2.
Note that another example of particles with the distri-
bution function fL,(
′′), Eq. (9b), are electrons injected
by a quantum capacitor1 in the appropriate regime37,52.
For this source, we can expect an analogous temperature
dependence of the correlation noise.
D. Antibunching correction to the shot noise
The antibunching correction Pab34 , Eq. (4d), is deter-
mined by J2, Eq. (4e), which generally depends on two
temperatures, θ1, the temperature at which a leviton is
created, and θ2, the temperature of thermal excitations,
which a leviton collides on a wave splitter with. There-
fore, while calculating J2 we use Eq. (5) with θ = θ1 and
Eq. (6) with θ = θ2. Then the antibunching correction
to the shot noise of levitons, Pab34 , Eq. (4d), becomes
Pab34
P0 = 2
∞∫
−∞
dpθ1()
∞∫
−∞
d′pθ2(
′)
′∫
0
d′′
~
fL,(
′′),
(10a)
with the distribution function of levitons, fL,(
′′), de-
fined in Eq. (9b). Notice the different signs in Eqs. (8a)
and (10a). Therefore, antibunching suppresses the shot
noise.2,4,18
The antibunching correction differs from the correla-
tion corrections also in another reason. The correlation
correction, Pcorr34 , Eq. (9a), vanishes when a leviton is
created at zero temperature, θ1 = 0. While, the anti-
bunching correction, Pab34 , Eq. (10a), survives the limit
θ1 → 0, as long as the temperature of the other contact
is not zero, θ2 > 0.
Indeed, when θ1 = 0 we use pθ1=0() = δ () in
Eq. (10a) and obtain,
Pab34
P0 = 1− 2
∫ ∞
0
d′ pθ,2(′)e
− ′EL . (10b)
The temperature dependence of this correction is shown
in Fig. 4. Remind that in this case the shot nose caused
by a leviton is Pp34 = −P0, see Eq. (8a) at θ = 0.
At low temperatures, θ2 → 0, there are no thermally
excited quasi-particles capable to antibunch with a levi-
ton and, therefore, Pab34 → 0. While with increasing tem-
perature, θ2 ≥ θ∗ the antibunching noise suppression be-
comes essential. The maximum suppression occurring
when θ2  θ∗ is as large as P0.
This suppression is interpreted as follows. When the
two colliding electrons overlap perfectly on the wave
splitter, then both them do not contribute to the shot
noise. This is valid for periodic10,15,53,55–64 as well as
random53,65 single-electron injection. Therefore, in the
case of two colliding levitons, the total shot noise is sup-
pressed by 2P0.2 If the colliding particles overlap only
partially, then their contribution to the shot noise is sup-
pressed only partially. In any case, only 1/2 of the anti-
bunching suppression is attributed to the suppression of
the contribution of one of the colliding particles.
Therefore, in our case, since the total suppression is P0,
only half of the contribution of a leviton to the shot noise
is suppressed. The other half of P0 is attributed to the
suppression of the contribution of thermal excitations.
Why the leviton’s contribution is not fully suppressed
in the high temperature limit, when there are a lot of
thermally excited quasi-particles? The answer is follow-
ing. A leviton created at zero temperature is able to
overlap only with quasi-electron thermal excitations, that
is, with particles describing by the correlation function
G
(1)
 , Eq. (6b), for  > 0. The quasi-electron excita-
tions appears with probability 1/2, which is given by∫∞
0
dpθ() = 1/2, see Eq. (6a). The other half is a
probability for a hole state to appear, which does not
antibunch with a leviton. Therefore, a leviton experi-
ences antibunching in half instances only. Consequently,
its contribution to shot noise is suppressed at best only
half.
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FIG. 4: The antibunching correction to the shot noise of a
leviton created at zero temperature, Pab34 , Eq. (10b), is shown
as a function of temperature of thermal excitations, θ2 = θ.
The units are the same as in Fig. 2.
8IV. DISCUSSION AND CONCLUSION
The quantum state of a single electron created on top
of the Fermi sea is affected significantly by temperature.
I discussed here the consequences of this for electrical
shot noise. Three effects of temperature on shot noise
were identified. The first effect is related to modification
of a single-particle contribution to shot noise. While two
other effects are associated with the appearance of two-
particle contributions to shot noise.
First effect: The quantum state of a particle injected
at a non-zero temperature is a mixed state. The differ-
ent components of the mixed state represents alterna-
tive (but not orthogonal) histories of a particle. Roughly
speaking, the contribution to the shot noise of each com-
ponent is proportional to the square of the probability of
occurrence of this component. Although the sum of all
probabilities is one, the sum of the squares of probabili-
ties is less than one. As a result the single-particle shot
noise gets suppressed. A decrease in the shot noise with
increasing temperature indicates increasing mixedness of
a single-particle quantum state.
Second effect: The state of a particle injected at a non-
zero temperature is not orthogonal to the state of the
Fermi sea. As a result, the thermal excitations and a
particle injected by a single-electron source demonstrate
Hanbury Brown and Twiss correlations that enhance shot
noise. The temperature behavior of this contribution is
non-monotonic.
At low temperatures, the increase in this contribution
is caused by an increase in the number of thermal ex-
citations. While at high temperatures, the correspond-
ing contribution decreases with temperature. Using the
source of levitons as an example, I demonstrated that
this decrease is exactly half the same as a decrease of the
single-particle shot noise. The reduction factor comes
from the fact that particles injected on top of the Fermi
sea are correlated with quasi-electrons and they do not
correlate with holes. The quasi-electrons and holes ap-
pear with the same probability, hence, the reduction fac-
tor is one half.
Third effect: The antibunching of particles injected by
a single-electron source in the waveguide α = 1 with pos-
sibly present thermally excited particles in the waveg-
uide α = 2, does suppress the measured noise. This
suppression is an electron analogue of the optical Hong-
Ou-Mandel effect. The contribution of this third effect
to noise is described by the second-order coherence anal-
ogous to that, which describes the second effect, but with
the opposite sign. Consequently, in the case of a single-
particle colliding with thermal excitations, the strength
of Hong-Ou-Mandel correlations is maximally limited to
half of what a single-particle would demonstrate if it
would collide with an identical particle instead.
The difference from the second effect, however, is that
now the second-order coherence depends on two temper-
atures: the temperature θ1, which the injected particle
was created at, and the temperature θ2 of thermal exci-
tations. As a result, the antibunching effect exists, even
if the injected particle was created in a pure state at zero
temperature, θ1 = 0, provided that θ2 6= 0.
In conclusion, I analyzed in detail the temperature de-
pendence of the shot noise caused by particles injected
onto the surface of the Fermi sea by a single-electron
source. Such a dependence is ultimately due to the fact
that the mixedness of quantum state of injected particles
increases with increasing temperature. An experimen-
tal proof of the predicted effects would demonstrate that
the shot noise is effective for experimental study of mixed
quantum states.
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